In this paper we report the cloning of the chicken preprothyrotropin-releasing hormone (TRH) cDNA and the study of its hypothalamic distribution. Chicken preproTRH contains five exact copies of the TRH progenitor sequence (Glu-His-Pro-Gly) of which only four are flanked by pairs of basic amino acids. In addition, the amino acid sequence contains three sequences that resemble the TRH progenitor sequence but seem to have lost their TRH-coding function during vertebrate evolution. The amino acid sequence homology of preproTRH between different species is very low. Nevertheless, when the tertiary structures are compared using hydrophobicity plots, the resemblance between chicken and rat prepro-TRH is striking. The cloning results also showed that the chicken preproTRH sequence includes neither a rat peptide spacer 4 (Ps4) nor a Ps5 connecting peptide.
Introduction
Thyrotropin-releasing hormone (TRH) is a neuroactive tripeptide (-pyroglutamyl--histidyl--prolinamide; pGluHis-ProNH 2 ), that was originally isolated from porcine and ovine hypothalami as a first hypothalamic releasing hormone (Schally et al. 1969 , Burgus et al. 1970 . Like other regulatory peptides, TRH is synthesized as a high molecular weight precursor. The first TRH precursor cDNA clones were isolated from the skin of the frog Xenopus laevis (Richter et al. 1984 , Kuchler et al. 1990 ). In addition, a smaller TRH precursor cDNA was isolated from the brain of this species (Bulant et al. 1992b) . The latter study also revealed the characteristics of the gene encoding this preproTRH. In the meantime, research on this topic had spread out to other species. This led to the elucidation of the preproTRH cDNA structure in rat (Lee et al. 1988) , human (Yamada et al. 1990) , mouse (Satoh et al. 1992 ) and sokeye salmon (Ohide et al. 1996) . In general, the prepro-TRH coding sequence always codes for more than one TRH progenitor sequence (Glu-His-Pro-Gly), each one flanked by dibasic cleavage sites. Within different species, preproTRH differs in the number of TRH copies (five in rat ( Fig. 1) and mouse, six in human, seven in Xenopus and eight in salmon) and in the amino acid sequences of the so-called 'cryptic peptides' or 'peptide spacers' (Ps), which are set free when preproTRH is proteolytically processed. The search for the biological function of these connecting peptides started years ago and focussed mainly on rat Ps4 or preproTRH-(160-169) (Bulant et al. 1990 , 1992a , Ladram et al. 1992 , Carr et al. 1993 , Pekary 1998 (Liao et al. 1988a,b; Roussel et al. 1994 , Redei et al. 1995 , McGivern et al. 1997 (Fig. 1) . Research in chicken suggested that also in the central nervous system of this species, peptides like Ps4 and Ps5 are present and exert an endocrine function (Harvey 1990 , Harvey & Cogburn 1996 , Harvey et al. 1996 . However, for Ps4, no binding sites were detected on the chicken pituitary (Geris et al. 2000) . In order to verify whether both Ps4 and Ps5 exist in the chicken brain as a part of the preproTRH molecule, we set out to elucidate the sequence of the chicken TRH precursor.
Immunocytochemical studies in rats demonstrated preproTRH-containing neurons in the parvocellular portion of the paraventricular nucleus (PVN), the dorsomedial nucleus, the arcuate nucleus and regions of the preoptic nucleus. In addition, preproTRH-immunoreactive neurons were found in the rat telencephalon, mesencephalon, metencephalon and myelencephalon (Jackson et al. 1985 , Lechan et al. 1986 . Results of immunocytochemical studies in hypothyroid rats suggested that only the TRH cells in the parvocellular portion of the PVN are involved in the regulation of the hypothalamic-pituitary-thyroid (HPT) axis (Nishiyama et al. 1985) . Data on the distribution of the preproTRH mRNA-containing cells in the human and rat hypothalamus generally agreed with immunocytochemical data (Segerson et al. 1987 , Guldenaar et al. 1996 , Fliers et al. 1998 . The distribution of TRH peptide in the chicken brain has also been studied in detail via immunocytochemistry (Józsa et al. 1988 ) and radioimmunoassays (Geris et al. 1999) . However, there were no data available on the hypothalamic preproTRH gene expression in the chicken brain. With the elucidation of the chicken preproTRH cDNA sequence reported in this paper, we were able to investigate the hypothalamic distribution of the TRH precursor.
Materials and Methods

Animals
All studies were conducted on 9-day-old Ross broiler chickens (Avibel, Halle-Zoersel, Belgium) purchased as 1-day-old chicks of both sexes. Chickens were kept under a photoperiod of 14 h light:10 h darkness and fed a commercial mixed diet (Hendrix, Merksem, Belgium). The K U Leuven Ethical Committee for Animal Experiments approved all experimental protocols.
In silico analysis of the chicken preproTRH gene structure
We used the first draft of the chicken genome project (http://pre.ensemble.org/Gallus_gallus), released 1 March 2004 and published December 2004 (Wallis et al. 2004) , for a blast search with the TRH peptide sequence. This resulted in five hits in the same contig sequence (Contig49·130·1·79290) located on chromosome 12. The primer design for the molecular cloning of the preproTRH cDNA via RT-PCR was based on this contig nucleotide sequence.
RNA extraction and RT-PCR
Total RNA was extracted from the diencephalon of 9-day-old chicks using the Total RNA Isolation System (Promega) for use in RT-PCR. First, 1 µg RNA was denatured at 75 C for 5 min in the presence of an oligo(dT)-primer (Roche). Reverse transcription was performed at 42 C for 60 min, using 2·5 U avian myeloblastosis virus reverse transcriptase (AMV-RT; Roche). The subsequent PCR amplification was conducted using 5 µl of the reverse transcription reaction. The total PCR reaction mix (20 µl) contained PCR buffer (10 mM TrisHCl pH 9·0, 1·5 mM MgCl 2 , 50 mM KCl, 0·1% Triton X-100 and 0·01% gelatin), 1 mM of each dNTP, 1 µM of each primer and 1 U SuperTaq DNA polymerase. After denaturation at 94 C for 5 min, 30 thermocycles of 45 s at 94 C, 1 min at 55 C and 2 min at 72 C were conducted and followed by a final elongation step at 72 C for 5 min.
Primer design
Primers were based on the nucleotide sequence near the TRH progenitor sequences found by searching the chicken genome database. Using the combination of a first primer couple (sense: 5 -ATTAAACATGCCTCTGCC ACA-3 , bp 198-217 (Fig. 2) ; antisense: 5 -AAACAATT ACTTTCTCATTCCTCTG-3 , bp 773-797 (Fig. 2) ) we generated a 600 bp fragment, and using a second primer couple (sense: 5 -ATCACAATGCCATCTATC CAGCTG-3 , bp 6 to 18 (Fig. 2) ; antisense: 5 -TGT TTCATTCTCCCATGCTG-3 , bp 755-774 (Fig. 2) ) a 780 bp cDNA fragment was obtained. The cDNA fragments were purified from an agarose gel using the QIAEX II gel extraction kit (Qiagen) and then subcloned into the pCRII-TOPO vector using the TOPO-TA cloning kit (Invitrogen). The nucleotide sequence was determined by automatic sequencing using the ABI PRISM 310 genetic analyzer (Applied Biosystems, Belgium).
Rapid amplification of cDNA ends (RACE)
In order to reveal the complete cDNA sequence both 5 and 3 RACE were carried out using the SMART RACE cDNA amplification kit (BD Biosciences, CA, USA). Primers used were based on the known nucleotide sequence obtained via RT-PCR. 5 RACE was carried out with the antisense primer 5 -CCCAGATCTCTGC AGGATGTCATCCAGGG-3 (bp 110-138; 
Verification of the intron sequence
When comparing the nucleotide sequence obtained with RT-PCR and RACE with the sequence from the genome database, two putative introns were discovered. In order to verify the exon-intron boundaries and the intron nucleotide sequences, genomic DNA was extracted from diencephalon tissue using the GenElute Mammalian Genomic DNA Kit (Sigma-Aldrich). The genomic DNA was used as a template in a PCR reaction (protocol as described above) using primers located around both putative introns. For the intron located in the 5 untranslated region (UTR) we used sense primer 5 -GACGCGCAGA TGTGCAAACAGC-3 (bp 82 to -61; Fig. 2 ) and antisense primer 5 -CCCAGATCTCTGCAGGATGTC ATCCAGGG-3 (bp 110-138; Fig. 2 ). For the intron located in the coding region, we used sense primer 5 -ATCACAATGCCATCTATCCAGCTG-3 (bp 6 to 18; Fig. 2 ) and antisense primer 5 -TGTTTCATTCT CCCATGCTG-3 (bp 755-774; Fig. 2 ).
Tissue sectioning
The complete chicken brain was dissected from 9-day-old chicks and fixated in a buffered 4% paraformaldehyde solution for 24-48 h. Tissues were then placed in buffered sucrose solutions with increasing concentration (10-30%) and frozen at 80 C until sectioning using a cryostat. In situ hybridization was performed on coronal sections at 30 µm intervals through the chicken brain. The stereotaxic brain atlas (Kuenzel & Masson 1988) was used to recognize different regions of the brain. Sections were placed on Superfrost slides (MLS, Menen, Belgium) and stored at 20 C.
Production of digoxigenin (DIG)-labelled riboprobes
The 600 bp PCR fragment, obtained after RT-PCR (sense primer: bp 198-217 (Fig. 2) ; antisense primer: bp 773-797 (Fig. 2) ) was subcloned in a pCRII-TOPO plasmid vector (Invitrogen) and used for bacterial transformation. Plasmid DNA was isolated using the High Pure Plasmid Isolation Kit (Roche). For the construction of the sense probe, the plasmid was digested with SacI (Roche), while for the antisense probe the plasmid was digested using ApaI (Roche). Riboprobes were transcribed from 1 µg of the linearized plasmids in the presence of DIG RNA labelling mix (Roche) and 20 U RNA polymerase (Roche), Sp6 for antisense and T7 for sense probes. The quality of the labelling was verified by means of a spotting test, where 1 µl of five different probe concentrations (ranging from 300 to 3 pg/µl) were spotted on a Hybond N+ nylon membrane (Amersham). The spots were visualized using antibodies against DIG (Roche) and the nitro blue tetrazolium/5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP) detection system (Roche).
In situ hybridization
The cryostat sections were pretreated in 4% paraformaldehyde solution (10 min), PBS (3 5 min), 0·2 M HCl (10 min), triethylamine (TEA) buffer with 0·25% acetic anhydride (10 min), PBS+1% Triton X-100 (TX) (30 min) and PBS (3 5 min). Subsequently, the slices were prehybridized for 2 h at room temperature in hybridization buffer (50% formamide, 10% dextran sulphate, 5% Denhardts, 0·625 M NaCl, 0·2 M Na-PIPES pH 6·8 in 50 ml diethylpyrocarbonate-treated distilled water) containing 0·05 M dithiothreitol (DTT), 250 µg/µl denatured herring sperm and 250 µg/µl yeast tRNA. Afterwards, the sections were hybridized under coverslips overnight at 80 C in the same hybridization buffer containing 200 ng/ml DIG-labelled RNA probe. After hybridization the sections were washed for 45 min at 72 C in 0·2 SSC, 2 5 min in 0·2 SSC at room temperature and 3 5 min in PBS+0·1% TX. Thereafter, the sections were incubated for at least 1 h with PBS+0·1 TX containing 4% BSA and 0·1 M lysine to reduce background signal. Per section, 0·5 ml anti-DIG antibodies (1/5000, in PBS+0·1% TX+BSA) were added and incubated for 2 h at room temperature and overnight at 4 C. The alkaline phosphatase signal was detected using the NBT/BCIP chromogen system (Roche).
Results and Discussion
Molecular cloning of chicken preproTRH
Using RT-PCR and RACE we were able to construct a 2412 bp cDNA fragment containing the 5 and 3 untranslated regions together with the complete coding region for chicken preproTRH (Fig. 2) . This sequence has been submitted to the EMBL database under accession number AJ703806. As shown in Fig. 2 , the deduced amino acid sequence contains five exact copies of the TRH progenitor sequence. On top of these five copies, the sequence contains three copies that more or less resemble the progenitor sequence. It is possible that these sequences once coded for TRH, but that somewhere during evolution mutations have occurred. It is surprising that such mutated TRH sequences do not occur in known preproTRH sequences from other species. Of the five exact TRH peptide sequences, only four are flanked by prohormone convertase cleavage sites (Lys-Arg or ArgArg). The fifth TRH peptide is flanked at the N-terminus by Lys-His, which is not recognized by the currently known prohormone convertases, and can therefore not be proteolytically cleaved (Barbetti et al. 1990 ). We can not exclude the possibility that, in the chicken, a proteolytic enzyme exists that recognizes Lys-His as a cleavage site, although so far this has never been described in the literature. An extra TRH peptide that is probably not proteolytically cleaved, has not been detected in other known preproTRH sequences. We can conclude that the gene coding for the chicken TRH precursor has mutated frequently since the diversion of birds from other vertebrates. Figure 3 shows the result of a homology study between the primary structures of chicken, human, rat, Xenopus laevis and sockeye salmon preproTRH. It seems that the primary preproTRH structures are not very well conserved between species. The TRH progenitor sequence is always the same, but since this sequence only counts for four amino acids, the connecting peptides are more important for the general homology. With the reports on the mammalian preproTRH sequences, it had already been demonstrated that the sequence homology of these connecting peptides was very low, even between rat and human. Our cloning results show that no Ps4-or Ps5-like peptide is present in the chicken preproTRH sequence. In addition, a blast search for peptides resembling Ps4 and Ps5 in the chicken genome database did not indicate the existence of these peptides in this species. Together with the knowledge that no binding sites for rat Ps4 were found in the chicken pituitary (Geris et al. 2000) , we postulate that the biological functions proposed for these peptides in the chicken (Harvey 1990 , Harvey & Cogburn 1996 , Harvey et al. 1996 , Geris et al. 2000 were actually non-physiological. However, since immunoreactivity for Ps4 was found in the paraventricular region and in the median eminence of the chicken brain using an antiserum against rat Ps4 (Harvey et al. 1996) , we can not exclude the possibility that a peptide resembling Ps4 exists in the Figure 4 Comparison of the hydrophobicity plots of chicken preproTRH with human, rat, salmon and Xenopus laevis preproTRH. This figure was constructed using the following software: http://bioinformatics.weizmann.ac.il/hydroph/cmp hydph.html.
central nervous system of the chicken and that this peptide is responsible for some of the biological functions described for Ps4.
Using the Hopp-Woods scale (Hopp & Woods 1981) , hydropathy plots were constructed, in order to compare the tertiary structures of the different preproTRH proteins. From Fig. 4 it is clear that the plots for chicken and rat preproTRH show a very high degree of similarity, which indicates that the three-dimensional structures of these two proteins are very much alike. The resemblance to the other three preproTRH proteins is less, although the overall structure remains very similar: a hydrophobic sequence (probably the signal sequence) followed by a hydrophilic protein with one or two more hydrophobic regions. These results are in accordance with findings from Ohide et al. (1996) , who stated that the three-dimensional structures of TRH precursors are highly conserved, although the primary structures of these proteins have diverged throughout vertebrate evolution.
When comparing the cDNA sequence with the gene sequence found on chromosome 12 in the chicken genome database, the presence of two introns becomes apparent. A first intron is situated in the 5 UTR, a second intron is located downstream from the translation start site. The intron-exon boundaries and the nucleotide sequence of both introns were confirmed by PCR on genomic DNA from chicken diencephalon (Fig. 5) . The presence and location of these introns is in accordance with the preproTRH gene structures from mammalian species, which also contain two introns in the same regions of the gene (Fig. 5) .
In situ hybridization
The cloning of the chicken preproTRH cDNA allowed in situ hybridization experiments in order to study the distribution of this precursor's mRNA in the chicken brain. Figures 6 and 7 show the results of the in situ hybridization using DIG-labelled probes. Panels A and B represent the signal using the antisense probe, panel C shows the result of hybridization with the sense probe as a negative control. The only TRH precursor mRNAcontaining cells were found in the PVN (Fig. 6 ) and the lateral hypothalamic area (LHy) (Fig. 7) . These results correlate with the distribution of preproTRH mRNA in the mammalian hypothalamic region (Segerson et al. 1987 , Guldenaar et al. 1996 , Fliers et al. 1998 . In addition, these researchers found a small number of preproTRH mRNAcontaining cells in the human and rat suprachiasmatic nucleus (SCN). Immunocytochemical experiments with Figure 5 Schematic representation of the rat and human preproTRH gene, compared with the chicken preproTRH gene. For the chicken, the nucleotide sequences of both introns are included. Black boxes indicate the TRH progenitor sequences, the gray box in the chicken sequence indicates the sequence that codes for the TRH progenitor sequence, but lacks the 5 dibasic cleavage site.
antibodies against TRH on chicken brain tissue revealed a large number of immunoreactive perikarya in the parvocellular portion of the PVN and in the LHy (Józsa et al. 1988) . Some scattered immunopositive cells were also detected in the SCN. However, our hybridization experiment did not demonstrate any preproTRH mRNA in the SCN. Although it is possible that the sensitivity of our technique is not high enough to detect a small amount of mRNA in the SCN, an alternative explanation is that, in chickens, preproTRH is not synthesized in the SCN but transported towards this region, explaining the presence of previously reported immunopositive neurons. The in situ hybridization experiments of other regions of the chicken brain (telencephalon, mesencephalon and cerebellum) did not show any positively stained cells (results not shown). It is possible that the lack of signal might be a result of the low sensitivity of our technique, since experiments in rats showed the presence of preproTRH mRNA in telencephalon and mesencephalon (Segerson et al. 1987) and immunocytochemistry of the chicken brain showed the presence of biologically active TRH in extrahypothalamic regions of the brain (Józsa et al. 1988) .
In summary, we report the cloning of the chicken preproTRH cDNA and its hypothalamic distribution. The chicken preproTRH contains five exact copies of the TRH progenitor sequence of which only four are flanked by pairs of basic amino acids. The amino acid sequence homology between different species is very low. Nevertheless, when the tertiary structures are compared using the hydrophobicity plots of preproTRH in different species, the general resemblance between chicken and rat TRH precursor is striking. By means of in situ hybridization, preproTRH mRNA was detected in the chicken PVN and the LHy. 
